Abstract: Laser operation of a GaN vertical cavity surface emitting laser (VCSEL) is demonstrated under optical pumping with a nanoporous distributed Bragg reflector (DBR). High reflectivity, approaching 100%, is obtained due to the high index-contrast of the nanoporous DBR. The VCSEL system exhibits low threshold power density due to the formation of high Q-factor cavity, which shows the potential of nanoporous medium for optical devices. 
Introduction
Semiconductor optical devices have been developed with advances in compound semiconductor technology since 1960s, e.g., III-V and II-VI compounds, along with various types of optical devices, such as light-emitting diode [1] , laser diode [2] , and photodiode [3] . The performance of a semiconductor optical device relies on the available material combinations for controlling charge carrier transport as well as light propagation. For example, carrier confinement is achieved by constructing well-designed conduction/valence band profiles, whereas optical confinement is achieved by refractive index variation in a heterostructure [4] . An optical device with novel functionality and high efficiency can be manufactured only when its design fulfills the optical and electrical requirements by proper combination of available materials, which is the motivation for development of new materials and related heterojunctions. However, despite the strong efforts to grow new materials and improve their qualities, progress of optical device technology has been hindered by the lack of appropriate material in several areas, one of which will be discussed in the following.
A vertical cavity surface emitting laser (VCSEL) is a promising light emitter for shortreach data networks [5] and sensing applications [6] . VCSEL has advantages over conventional edge-emitting laser such as low threshold current, symmetric beam profile, onwafer device testing, and the ability to be manufactured as a two-dimensional laser array [7] . A distributed Bragg reflector (DBR) is a key component of a VCSEL and the performance of DBR relies greatly on the available optical properties from materials compliant with the active media. For example, a VCSEL emitting at 850 nm exhibits low threshold current and superior efficiency, mainly due to the high quality factor (Q-factor) cavity formed by a GaAs/AlGaAs DBR [8] . The large index difference between GaAs and AlGaAs, the lattice constants of which are very closely matched, enables fabrication of high-performance DBRs, without the formation of crystalline defects. However, GaN VCSELs are limited by the lack of DBR pairs with reasonable optical and electrical properties [9] . A number of research groups have worked on the growth of various DBR pairs, including AlGaN/GaN [10] and InAlN/GaN [11] ; however, these configurations suffer from low index-contrast, strain accumulation, and poor crystallinity. Dielectric DBRs offer an alternative approach, although their insulating nature complicates the design of electrically driven GaN VCSELs [12] . The poor performance of current GaN DBRs requires a new approach that can provide a large index-contrast, high electrical and thermal conductivities, and ease of manufacture.
Nano-porosification of bulk semiconductor material represents an interesting way to obtain the desired optical properties without development of new materials [13, 14] . When the diameter of a nanopore is much smaller than the optical wavelength, the nanoporous material can be viewed as a homogeneous optical medium with modified refractive index; in this case, the Bruggeman effective medium approximation can be used to calculate the effective refractive index [15] . Based on this model, the controlled optical parameters resulting from varied porosities were demonstrated and analyzed previously [16] . The controllability of refractive index via nano-porosification will offer tremendous potential for designing optical devices under the limit of available materials. If there isn't a material with required optical parameters, we may manufacture it through nano-porosification from materials that we already have. Moreover, the nano-porosification can be selectively performed on layers to realize more complicated structures. In our previous work, a nanoporous etching technique of GaN was developed via electrochemical (EC) process which was doping-sensitive. A large index-contrast GaN DBR was fabricated from undoped-GaN/n-GaN multilayers by EC etching [17] . However, the DBR performance was not as good as theoretical simulation due to unoptimized etching conditions that caused the nonuniform formation of nanopores and limited stability of the structure. A second-order stopband was exhibited at ~450 nm, with maximum reflectivity of ~87%.
In this paper, we report the fabrication of a high-reflectivity (~100%) DBR by dopingselective nanoporous etching of undoped-GaN/n-GaN stacks. The improvement of maximum reflectivity was achieved based on more advanced EC etching for uniform and sturdy nanoporous GaN with newly developed electrolyte. This nanoporous DBR was adopted to realize a VCSEL cavity and continuous wave (CW) lasing action of the VCSEL through optical pumping was demonstrated at room temperature.
Experimental details

Fabrication of nanoporous DBR and VCSEL
The epitaxial layers of the VCSEL optical cavity were grown by metal-organic chemical vapor deposition. Growth started with deposition of a low-temperature GaN nucleation layer, followed by 1-μm-thick undoped GaN buffer. Nine pairs of n-GaN/undoped GaN (50 nm/50 nm) were grown, with n-type doping set at 5 × 10 18 cm −3
. Five pairs of InGaN quantum wells and GaN barriers were deposited, which were located at the center of a λ-cavity. Finally, eight pairs of n-GaN/undoped GaN were grown on the cavity to complete the epitaxial structure. The thickness of the topmost undoped GaN layer was increased to 130 nm to protect the wafer surface during subsequent EC etching. After deposition of 250-nm-thick SiO 2 layer, 350-μm-wide stripe patterns were formed with 50-μm-wide openings between them by conventional photolithography. The openings were mesa-etched by inductively coupled plasma reactive ion etching to expose the n-GaN sidewalls down to the undoped GaN buffer.
The processed samples were EC etched as anodes in 70% HNO 3 (wt/wt %) electrolyte for 5 minutes with a Pt wire as the counter electrode. EC etching started from the mesa sidewalls, and the etching voltage was varied between 15 and 19 V for the samples. The etch depth was monitored using optical microscopy by observing the changes in interference color. The etch depth increased linearly with time, but became saturated at ~50 μm due to insufficient electrolyte transport. Scanning electron microscopy (SEM) was used to examine the etching morphology; nanoporous GaN formation was observed for all samples. During EC etching, only n-GaN was etched due to its doping selectivity; thus, the undoped-GaN/n-GaN pairs were converted into bulk/nanoporous GaN pairs.
Optical characterization of nanoporous VCSEL
The reduced refractive index of a nanoporous layer formed high-reflectivity DBRs on the top and bottom of the λ-cavity, completing the VCSEL structure for optical pumping. The reflectivity spectra were measured by microspectrophotometer combined with an optical microscope. The light source was a tungsten-halogen lamp focused to a 10-μm light spot on the sample surface with an objective lens (40 × ). A half-mirror beamsplitter/combiner was inserted for illumination and to collect the reflected light from the sample. The experimental reflectivity spectra were fitted with thin-film simulation software (Essential Macleod ver. 9.8.437; Thin Film Center Inc.) to extract the structural parameters, such as the porosity and thickness of the DBR layers.
Optical pumping of the VCSEL samples was performed at room temperature using a semiconductor laser with a wavelength of 375 nm under CW operation. A microscope objective lens (40 × , numerical aperture: 0.5; Thorlabs) was used to excite an area of the VCSEL of approximately 1 μm 2 and to collect the emission from the samples in the normal direction. The emission spectrum was measured using a monochromator with a focal distance of 250 mm; equipped with a grating of 600 g/mm (SP2500i; Acton) and a charge-coupled device (CCD) detector. To eliminate the polarization dependence error from the optics system, we used a controlled half-wave plate in front of a fixed linear polarizer for polarization measurement. Figure 1(a) shows a schematic diagram of the fabricated VCSEL structure and its optical pumping geometry. The inset displays SEM image of the λ-cavity, sandwiched by nanoporous top and bottom DBRs. Figures 1(b)-1(d) show magnified SEM images of nanoporous DBRs formed at various EC etching voltages. Uniform nanopores were formed with HNO 3 electrolyte, and the DBR was free from damages such as warping and crack. The porosity increased with etching voltage (48%, 53%, 62% at 15, 17, and 19 V, respectively), which, in turn, decreased the refractive index of nanoporous GaN as 1.77, 1.69, and 1.56 from 2.47 for bulk GaN at 450 nm. Therefore, the porosity of the nanoporous GaN is an essential parameter that controls the stopband width and maximum reflectivity. A high EC etching voltage increased the porosity to enhance the high reflectivity of the DBR. However, an etching voltage above 20 V resulted in structural damage, such as warping and cracking in nanoporous GaN, due to the onset of complete etching.
Results and discussion
The DBR pair was composed of two layers, i.e., bulk GaN (50 nm) and nanoporous GaN (50 nm). Because of the reduced refractive index of nanoporous layer, the optical thickness of each layer needed to be determined through the reflectivity simulation. The optical thickness of each layer was not exactly λ/4 in this work, however, the sum of optical thicknesses in a DBR pair was λ/2 at the designed wavelength. . The experimental curve exhibited high reflectivity around 100% at the center of the stopband for all samples. The center wavelength of the stopband was ~440 nm, and the stopband width (reflectivity > 90%) increased from 36 nm at 15 V to 38 nm at 19 V. A reflectivity dip was observed between 410 and 420 nm, which originated from resonant transmission through the high-reflectivity DBR, due to the cavity mode. The significant improvement in the DBR reflectivity compared to our previous report [17] was attributed to optimized EC etching conditions for nanoporosification. An electrolyte in EC etching experiments is a critical parameter since it controls the formation of electrical double layer and reactions taking place at semiconductor/electrolyte interface. The HNO 3 electrolyte enabled clear nanoporous etching, without damage to the undoped GaN; thus, high index-contrast DBR pairs could be fabricated without structural deformation. The nanopores were more uniform with the HNO 3 electrolyte, as shown in Fig. 1 , which contributed to the high performance of the DBR.
Simulations on theoretical reflectivity spectra were conducted to fit the experimental curves, using the porosity values of nanoporous GaN measured in Fig. 1 . During the simulation, the thickness of the DBR layers and λ-cavity were varied to obtain the simulated reflectivity spectra. The parameters were then adjusted until good agreement was achieved between the calculated and measured spectra in terms of the stopband center wavelength and resonance dip wavelength. The best fit was obtained with DBR pair thickness of ~102 nm and a λ-cavity thickness of ~160 nm, similar to the designed values. It should be noted that the measured reflectivity was significantly lower than the theoretical value at the edge of the stopband; this was attributed to the onset of diffuse scattering from the nonuniform distribution of nanopores in the nanoporous DBR. The randomized phase of scattered light deformed the stopband shape, especially at the edge. Figure 2 displays microphotoluminescence (μ-PL) spectra measured from the samples together with reflectivity curves. The cavity mode from μ-PL was well matched with the dips in the reflectance spectra. The dips in the spectra were positioned within the high reflection stopband for the samples etched at 17 and 19 V, which was advantageous for formation of a high-Q cavity. However, the spectra of the sample etched at 15 V exhibited a deviation of the reflectivity dip from high reflectivity band due to its narrower stopband. Figure 3 shows room temperature lasing characteristics of the VCSEL samples in optical pumping experiments under CW operation; laser output intensity as a function of the pump power. Clear laser thresholds were observed for all samples. The emission intensity showed strong nonlinear behavior with respect to the pump power above the laser threshold. From linear fitting to the laser output curves, the laser threshold pump powers were 1067, 61, and 55 μW corresponding to power densities of ~1.36 × 10 5 , 7.77 × 10 3 , and 7.05 × 10 3 W/cm 2 , for VCSEL samples etched at 15, 17, and 19 V, respectively. The Q-factor of the cavity was evaluated by measuring the emission linewidth below the threshold, corresponding to 324, 425, and 446 for VCSEL samples etched at 15, 17, and 19 V, respectively. The emission linewidth was reduced above the pump threshold; the lasing spectra are shown in the inset of Fig. 3 . The spontaneous emission coupling factor (β factor) was calculated from a log-log plot of the emission intensity as a function of the pump power, as shown in Fig. 4 . The β value can be roughly estimated by the difference between the heights of the emission intensities, before and after lasing in the log-log plot [18] . The fitted β values were 4 × 10 −3 , 5 × 10 −2 , and 6 × 10 −2 for VCSEL samples etched at 15, 17, and 19 V, respectively. With increasing etching voltage, the porosity of the n-type GaN layer increased, resulting in a high index-contrast for the DBR pair. The poor lasing behaviors (e.g., Q factor, laser threshold, and β factor) of the VCSEL etched at 15 V were due to the low porosity of nanoporous GaN. This reduced the stopband width, which caused deviation of the cavity resonance out of the DBR stopband. For etching voltages of 17 and 19 V, comparable VCSEL characteristics were achieved with only 8-9 pairs of DBRs, compared with the reported GaN-based VCSEL consisting of 25-28 pairs of GaN/AlN DBRs [19, 20] . Figure 5 shows the polarization dependence of laser emission for the VCSEL etched at 19 V. A linear polarizer was installed in front of the VCSEL, and the polarization angle was varied for the measurement. The GaN-VCSEL, with a nanoporous DBR, displayed strong polarization dependence due to the anisotropic geometry of the nanopores. During EC etching, nanopores propagated in a direction normal with respect to the semiconductor/electrolyte interface, creating structural anisotropy in the DBR. The birefringent optical properties in structurally anisotropic materials were reported for porous Si [21] , anodized alumina [22] , and nanoporous GaN [23] . Due to the geometrical anisotropy of the DBR, the laser emission was linearly polarized along a direction parallel with respect to the nanopores, resulting in a high polarization ratio of R p ~0.97. R p is defined as R p = (I max -I min )/(I max + I min ), where I max and I min are the maximum and minimum light intensity, respectively. Other VCSEL samples (those etched at 15 and 17 V) exhibited the same polarization dependence. This strong linear polarization behavior facilitates application of nanoporous DBR VCSELs in areas that require careful polarization control, such as magnetooptic recording and coherent detection systems [24] .
The successful demonstration of optically pumped VCSEL operation with GaN-based materials paves a way to current injection VCESL. The nanoporous DBR was examined to be current conducting though its electrical resistance was slightly increased. However, the doping dependence of EC etching allowed the formation of n-type DBR only. So, in a further study, a current injection VCSEL could be fabricated with n-type top and bottom DBRs and a tunnel junction between the active layer and one of the DBRs to draw hole current from the conduction band of n-GaN.
Conclusion
A nanoporous DBR GaN-VCSEL was fabricated by doping sensitive EC etching and its lasing characteristics were demonstrated by optical pumping. The nanoporous DBR exhibited high reflectivity (nearly 100%) for all EC etching conditions. As a result, the threshold lasing power density of nanoporous VCSEL was as low as 7-8 × 10 3 W/cm 2 , and the spontaneous emission coupling factor ranged from 0.05 to 0.06 for VCSELs etched at 17-19 V. These results, taken together with the high Q-factor, indicated that nanoporous GaN is advantageous to fabricate high-performance DBRs due to the controllability of refractive index.
